Many cases of strategically designed groundwater remediation have lack of information of hydraulic conductivity or permeability, which can render remediation methods inefficient. Many studies have been carried out to minimize this shortcoming by determining detailed hydraulic information either through direct or indirect measurements. One popular method for hydraulic characterization is the pilot point method (PPM), where the hydraulic property is estimated at a small number of strategically selected points using secondary measurements such as hydraulic head or tracer concentration. This paper adopted a D-optimality based pilot point method (DBM) developed previously for hydraulic head measurements and extended it to include both hydraulic head and tracer measurements. Based on different combinations of trials, our analysis showed that DBM performs well when hydraulic head is used for pilot point selection and both hydraulic head and tracer measurements are used for determining the conductivity values.
Introduction
Pilot point method (PPM) is a well-developed inverse method designed to estimate hydrogeologic heterogeneity under either deterministic or stochastic conditions while honoring the existing hydraulic conductivity measurements. De Marsily et al. (1984) introduced this method to increase the ability of heterogeneity recognition with minimizing uncertainty. While this method decreased some of the drawbacks of other inverse methods such as over parameterization considerable degree of non-uniqueness and uncertainty still remained. Researchers have attempted to reduce non-uniqueness and uncertainty in various aspects of PPM. For instance, plausibility terms defined as boundaries of search spaces or solution smoothness, have been used in PPM RamaRao et al., 1995; Gomez-Hernandez et al., 1997; Kowalsky et al., 2012) .
The quality and quantity of observations can significantly reduce the model error and parameter uncertainty.
For the quality improvement of measured data, sensitivity techniques have been used to minimize the effects of the observed secondary information errors because small changes of hydraulic conductivities at sensitive pilot point locations highly affect the secondary information changes and vice versa. LaVenue and Pickens (1992) first adopted this sensitivity terms in pilot point location selection and it is continually used by other researchers RamaRao et al., 1995) . Jung et al. (2011) adopted D-optimality criteria to search a highly sensitive collection of pilot points with respect to the quality improvement of measured data. As a way to improve the quantity of observation data to reduce parameter errors and model non-uniqueness, "coupled inverse models" have garnered more attention. In the context of groundwater inverse problems, the term coupled inverse models is typically referred to problems where both flow and transport parameters are estimated simultaneously or both flow and transport measurements are involved in estimating either flow or transport parameters *Corresponding author : gpic0126@gmail.com 원고접수일 : 2013. 4. 9 심사일 : 2013. 4. 22 게재승인일 : 2013. 4. 22 질의 및 토의 : 2013. 6 . 30 까지 (Sun and Yeh, 1990) . The latter definition is considered in this study. In this context, coupled inverse models increase the measured information beside hydraulic head values, such as steady state temperatures (Woodbury et al., 1987; Woodbury and Smith, 1988) , mass transport (Strecker and Chu, 1986) , solute arrival time quantile (Harvey and Gorelick, 1995) . While coupled inverse problems has been investigated extensively in groundwater modeling (Strecker and Chu, 1986; Mishra and Parker, 1989; Median et al., 1990; Wen et al., 2002; Franssen et al., 2003; Liang et al., 2010) , we are not aware of any work in the context of pilot point methods.
The objectives of this study are to (1) extend a previously developed D-optimality based PPM method to utilize tracer measurements in addition to hydraulic head measurements, 2) evaluate its performance for a simple 2-dimensional test problem to estimate hydraulic conductivity.
Forward Simulation Model
The pilot point inverse modeling procedure adopted in this paper requires repeatedly executing a forward groundwater model to obtain hydraulic heads and tracer concentrations. It is assumed that the groundwater flow is steady and the tracer is conservative. The domain is assumed to be two-dimensional. The governing equations describing steady state saturated groundwater flow and conservative transport are given by equations (1) and (2):
Where K is the hydraulic conductivity with b, thickness of confined aquifer, and h is the hydraulic head. V x and V y are flow velocities in the x and y directions that are computed using Darcy's law from the hydraulic heads h obtained from 
Calibration:D-optimality Based Method (DBM)
The D-optimality based method (DBM) for hydraulic conductivity characterization using hydraulic head measurements has been described in greater detail in Jung et al., 2011. Here we provide a brief overview. DBM involves two major steps: (1) search for a set of pilot point locations that are both sensitive and uncorrelated by maximizing the Doptimality metric (to be described later), (2) search for optimal hydraulic conductivity values at these locations so as to minimize the difference between the observed and calculated measurements. For these two procedures, optimization problems are formulated as a maximization of the first objective (D-optimality -equation (3)) and minimization of the second objective (sum of squared errors -equation (6)).
For optimizing these objectives, genetic algorithm is adopted as a global search method.
The DBM approach used in this study follows the basic PPM approach outlined by De Marsily et al. (1984) . First, an initial hydraulic conductivity field is obtained from existing hydraulic conductivity measurements using kriging; second, select pilot point locations where hydraulic conductivity values will be estimated; and, third, iteratively run forward models (flow and/or transport) to find optimal hydraulic conductivity values at the pilot point locations such that the resulting kriged field minimizes the discrepancy between calculated and observed hydraulic heads and/ or transport concentrations. A finalized hydraulic conductivity distribution will be obtained when the objective function meets the stopping criteria in automated calibration.
The stopping criteria of DBM in a Genetic Algorithm application are the consecutive number of generations without objective function improvement, the installed stop time with no changes of objective, and/or total time limit for whole generations.
Objective Functions
In DBM, two sequentially separated procedures are performed based on two different optimization criteria as shown in the flow chart ( Fig. 1 ). First objective is maximization of determinant of squared sensitivity matrix while determining pilot point locations, and the second objective
for the determination of hydraulic conductivities at pilot point locations is the sum of squared residuals of observed and calculated secondary information such as hydraulic heads, tracer concentration, and/or tracer arrival quantile. Explanations in detail of objective functions are as shown below.
As the first objective function, D-optimality consists of a sensitivity matrix and determinant function as presented in equations (3) and (4). The maximum of the determinant of the Fisher information (X T X), which is proportional to the inverse of covariance matrix, is equivalent to minimizing the norm of covariance matrix (Knopman et al., 1987) . By maximizing D-optimality, we are achieving the following two desired goals: (1) selected pilot points are highly sensitive to the secondary information (thus less susceptible to measurement errors), and (2) the selected pilot points are less correlated to each other (less redundancy). In other words, small perturbations of the parameter (i.e., hydraulic conductivity) at selected pilot points will be sufficient to match calculated values to the measurements of secondary information (i.e., hydraulic heads and tracer concentrations). In addition, perturbations in hydraulic conductivity at any two points from this set will not produce similar changes in secondary information. In this study hydraulic 
where n : number of observation wells m : number of pilot point locations τ nq : q th arrival time quantile at observation well n closer pattern of hydraulic conductivity distribution to the true values than scenario 2, since scenario 2 does not include the highly significant point (6, 6) as a hydraulic conductivity measurement. Fig. 4 shows the locations of hydraulic conductivity measurements and observations, and initial hydraulic conductivity distributions of scenario 1 and 2.
Numerical Comparison
The purpose of parameter estimation in this study is to obtain the optimal hydraulic conductivity distribution close to the true values based on several measurements. Therefore, if we want to see the performance of different combinations of various information sets in DBM, comparison between calculated and observed (in this study true K-field) hydraulic conductivities is a good indicator. As for numerical indicators, two different terms: average of square root hydraulic conductivity difference (K diff ) and maximum hydraulic conductivity differences (MaxeK) for whole grid points are shown in equations (7) and (8).
Where K ci and K ri are calculated and real (true) hydraulic conductivity at grid point i, and N t is total number of grid points. Fig. 4 . Hydraulic conductivity measurement locations and initial hydraulic conductivity distributions based on kriged measurements for scenario 1 and 2.
Results and Discussions
Before we tried to see the performance of coupled inverse problems, we carried out ten different trials of DBM with individual information sets (i.e. hydraulic head, tracer concentrations, and tracer arrival time quantiles). Fig. 5 gives the results of average of average square root hydraulic conductivity difference (K diff ) and average of maximum differences (MaxeK) between calculated and true hydraulic conductivities. Averages of K diff and MaxeK show the similar pattern in different data applications for both scenario 1 and 2. For scenario 1 when only head information is used for optimizing pilot point locations and hydraulic conductivities at those selected locations, average of K diff was higher than when other information is used. Alternatively, for scenario 2 when only head information is used, lower averages of K diff and MaxeK are found. Using only concentration data gives significant reduction in variance of hydraulic conductivity solutions for scenario 1, however in scenario 2, the variance increased with only concentration data application. Furthermore, tracer arrival time quantile produces even higher fluctuations in the hydraulic conductivity search. In scenario 2 when only head information is used, the significant pilot point location (6, 6), which has lowest hydraulic conductivity value, was selected in the pilot point location search. Therefore the final hydraulic conductivity values much closer to the true K-field and gives less variance of hydraulic conductivity searches.
When we use coupled inverse problems for hydraulic conductivity estimation, pilot point locations from either head only or concentration only can be used to find optimal hydraulic conductivity distribution. For the second procedure of DBM, using only one information set is not recommended for hydraulic conductivity search, when we have different kinds of information available.
For the comparison of coupled inverse problems, three hydraulic heads for pilot point locations and hydraulic conductivity search introduced more uncertainties in our case.
